In this letter we explore the possibility of creating the baryon asymmetry of the universe during inflation and reheating due to the decay of a field associated with the inflaton. CP violation is attained by assuming that this field is complex with a phase that varies as the inflaton evolves. We consider chaotic and natural inflation scenarios. In the former case, the complex decaying field is the inflaton itself and, in the latter case, the phase of the complex field is the inflaton. We calculate the asymmetry produced using the Bogolyubov formalism that relates annihilation and creation operators at late time to the 1 annihilation and creation operators at early time.
annihilation and creation operators at early time.
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I. INTRODUCTION
Explaining the origin of the matter-antimatter asymmetry of the universe is an essential ingredient in our understanding of the history of the universe. In this article, we study the possibility of creating the baryon asymmetry of the universe by the production of particles during inflation and reheating by the decay of a complex field related to the inflaton. We consider the case where the complex decaying field is the inflaton itself as well as the case where the phase of the complex field is the inflaton, as in natural inflation. The former case is similar to chaotic inflation but with a complex inflaton. By assigning baryon number to a scalar field present during inflation and introducing a baryon number violating coupling between this field and the inflaton we find that there is a net baryon number asymmetry in the produced particles.
The notion that the inflaton plays a role in baryogenesis is not new. If the reheat temperature is above the mass of certain heavy particles, such as GUT gauge and Higgs bosons, then the latter are thermally produced and their subsequent out-of-equilibrium decays create a baryon asymmetry. [1] The production of heavy GUT gauge and Higgs bosons or squarks by the direct decay of the inflaton when the reheat temperature and/or the inflaton mass is less than that of the heavy bosons has also been considered. Once again, the out-of-equilibrium decays or annihilations of these particles gives rise to the baryon asymmetry of the universe. In all the above scenarios [2] [3] [4] [5] CP violation enters into the couplings of the heavier bosons to lighter particles. In our scenario the baryon asymmetry is produced in the direct decay of a field associated with the inflaton. Furthermore the CP violation must manifest itself in the decay of this field. In this respect it is similar to the scenario mentioned in Ref. [6] and discussed in more detail in Ref. [7] in which the baryon asymmetry is created by the direct decay of the inflaton. However, unlike in Ref. [7] , in our scenario CP violation is provided dynamically through the time dependent phase of an evolving complex inflaton or of a complex field associated with the inflaton. We explicitly calculate the asymmetry in our scenario and compare it to the baryon asymmetry of the universe. We follow the work of Ref. [8] in which the asymmetry was calculated in the context of a universe that contracts to a minimum size, bounces back and then expands. The universe was static at both initial and late times. The B-violating coupling was λR(φ
where R is the Ricci scalar, φ carried baryon number and Λ was a complex function of time, which provided the necessary CP violation. In this work, we have adapted the formalism of
Ref. [8] to consider the asymmetry that might be created in a more realistic universe that is initially inflating and then enters a reheating phase followed by the standard evolution of the universe. Furthermore we have given a more realistic source of CP violation, namely, a time varying complex field.
Recently Ref. [9] appeared in which the authors discuss the generation of the baryon asymmetry during preheating in a scenario similar to the one discussed here. We discuss later the differences and similarities between our work and theirs.
As in Ref. [8] , we consider a lagrangian consisting of two complex scalar fields φ and ψ. φ and ψ are assumed to carry baryon number +1 and 0 respectively and we assume a B-violating term
where λ is a dimensionless constant and η is related to the inflaton field and is complex. The baryon number of φ and ψ particles is established by their interactions with other particles in the Standard Model. 1 The latter are not included in our lagrangian below as they do not enter into our calculations. We assume that the initial velocity of the η field and/or the shape of its potential ensures that its phase varies as the inflaton rolls down its potential.
Thus we have dynamic CP violation.
To obtain the asymmetry in our scenario we use the fact that the annihilation and 1 To ensure that the baryon asymmetry created is not erased by sphaleron processes, we assume that the interaction in Eq. (1) also violates B-L. This may be achieved, for example, if ψ carries no lepton number.
creation operators for the fields φ and ψ are not the same during the inflationary phase and at late times after reheating. However, the annihilation and creation operators at late times can be written as linear combinations of the annihilation and creation operators during the inflationary phase using the Bogolyubov coefficients. So, Particle number, and correspondingly annihilation and creation operators, are well defined only in adiabatic vacuum states. However, the vacuum state in the inflationary era, i.e., our in state, must be chosen judiciously to avoid infrared divergences. This is discussed in Section III.
The framework of this article is as follows. In Section II we present the lagrangian density for the complex scalar fields φ and ψ relevant to our calculation and obtain their equations of motion. We then write down the Fourier decomposition of φ and ψ during the inflationary phase and during reheating. General expressions for the coefficients A − D ′ in Eqs. 2 and 3 have been derived in Ref. [8] . We shall present these results without rederiving them and then present the general result for the baryon asymmetry of the universe. In Section III, we present the particular solutions for our scenario of a universe that undergoes exponential inflation (a ∼ e Ht ) followed by an inflaton-oscillation dominated phase (a ∼ t 2/3 ). We then calculate the total baryon asymmetry for this scenario in the context of chaotic and natural inflation. We conclude in the last section. In the Appendix we discuss issues related to the regularisation of infrared divergences and the necessity of an infrared cutoff to satisfy the conditions of perturbation theory.
II.
Consider a lagrangian density
where m φ,ψ are the masses of the respective fields and ξ φ,ψ are their couplings to the curvature. We have assumed that η is minimally coupled. V (η) includes all interactions of η other than the coupling to φ and ψ already listed above. Below we shall consider natural inflation and chaotic inflation scenarios. In the former case the inflaton will be associated with the phase of η. In the latter case we assume that the complex η field is the inflaton field. (Thus we are really considering an extension of chaotic inflation since the inflaton is now complex.) We shall assume a spatially flat Robertson-Walker metric. The equations of motion for the above fields arë
We now write
(n x , n y , n z ) and a similar expression for ψ(x). The equations of motion for the Fourier coefficients φ k and ψ k are (note that φ k and ψ k are operators)
To use the results derived in Ref. [8] we shall have to solve Eqs. 9 and 10 for times during inflation and during reheating. To simplify our calculations we shall assume that the fields φ and ψ are massless and minimally coupled, i.e., m φ,ψ = 0, ξ φ,ψ = 0. (Typically, a spin zero particle will obtain a mass of order H during inflation, if H is greater than its bare mass [10] . However, this does not occur if the mass is protected by a symmetry.)
To facilitate the use of perturbation theory and to be able to define an in state we assume that the B-violating interaction switches on at some time t 1 . Let t 2 be the time when inflation ends, t 3 be the time when reheating ends and t f be the final time at which we evaluate the baryon asymmetry. We assume that B-violation vanishes after t 3 . The annihilation and creation operators at t f can be expressed as linear combinations of the annihilation and creation operators at an early time t i before t 1 in the inflationary era. These relations have been derived perturbatively to order λ 2 in Ref. [8] giving
where
and are the retarded Green's functions for Eqs. 9 and 10 respectively, i.e., they satisfy Eqs. 9 and 10 with λ set to 0 and a delta function δ(t − t ′ ) on the r.h.s. of the equations. The subscripts on the coefficients α k and β k and on the functions χ k and △ k refer to |k|. α k and β k are complex and satisfy
We assume that the initial state at t i is the vacuum state. Then, in the Heisenberg picture, the number of φ particles of momentum k at t f is given by
and
where we have used
The baryon asymmetry for particles of momentum k at t f is thus
where we have used Eq. 26 and
The reader is referred to Ref. [8] for a more detailed derivation of the above results.
2 Note that the asymmetry does not depend on α k and β k implying that the asymmetry is independent of the purely gravitational production of particles in the expanding universe. (ξ = 0 does not imply a conformally invariant universe. Therefore there is non-zero purely gravitational production of particles in our scenario but it does not contribute to the asymmetry.)
To obtain the net baryon number at t f we sum over all momentum modes and take the continuum limit. Since we ultimately wish to express the baryon asymmetry as the baryon number density to entropy density ratio, and the baryon number does not change after t 3 , we write
Working in the approximation that at t 3 the inflaton completely decays and the universe instantaneously reheats to a temperature T 3 , the baryon asymmetry of the universe is
where we have assumed that there is no dilution of the baryon asymmetry due to entropy production during the subsequent evolution of the universe. Note that because the effective coupling is a complex function of time the baryon asymmetry is obtained at O(λ 2 ) and not
For standard reheating, t 3 ≈ Γ −1 , where Γ is the dominant perturbative decay rate of the inflaton. We take Γ = 
[11], where ρ here refers to the inflaton energy density.
We assume that the reheat temperature is not high enough for GUT B-violating interactions to be in equilibrium and wipe out the asymmetry generated in our scenario. On the other hand, we do not restrict ourselves to reheat temperatures below 10 8 GeV to avoid the gravitino problem [13] as we consider the possibility that the gravitino might be very light.
III.
To obtain the baryon asymmetry, we need to evaluate I 2 and I 3 . This requires obtaining χ φ k and χ ψ k . We shall need to perform the integral for I 2 and I 3 only from t 1 to t 3 as B- 3 The final temperature T 4 at the end of reheating is also a function of the interactions of the inflaton decay products which we have ignored. See Ref. [12] and references therein for a discussion of thermalisation of the decay products.
violation vanishes earlier than t 1 and after t 3 . Solutions of Eqs. 9 and 10 for λ = 0 and a(t) = σt c , (c = 1, −1/3) and a(t) = σe Ht have been obtained in Ref. [14] . Using them we 
The constants c 1 and c 2 define an initial vacuum state in the inflationary era. If one makes a choice of the de Sitter invariant vacuum state (c 1 = 0 and c 2 = 3π/4) as the in state then it is well known that such a state suffers from an infrared divergence. One option then is to choose the constants c 1 and c 2 appropriately so as to cancel the infrared divergences even though such states will no longer be de Sitter invariant. In Ref. [14] it is suggested that one may choose the constants c 1 and c 2 as below so as to cancel the infrared divergences:
with p > 0. (We point out in the Appendix that there is also an upper limit on p that was not mentioned in Ref. [14] .) As we discuss in the Appendix, the nature of the infrared divergences is slightly different in our case. Though the above choice for the constants c 1,2
with appropriately chosen values of p would make the final integral over k infrared finite, the integrands for the intermediate integrals over t become very large for small values of k,
irrespective of the value of p. This leads to a problem with perturbation theory since the latter requires that λ 2 |I 2,3 | 2 should be less than 1. 6 This is discussed in more detail in the Appendix. Therefore we are forced to introduce a low momentum cutoff k L to justify our use of perturbation theory. We choose k L such that k L /a 2 = 1/t 2 . Since the low momentum cutoff automatically regulates the integral over k, we then choose c 1 = 0 and c 2 = 3π/4.
Continuity conditions for φ(x),φ(x) and a(t) at t 2 imply that χ(t) and
are continuous at t 2 , and these boundary conditions then give us c At this stage we need to specify η(t). If we write η(t) as
it is the time varying phase of η that provides the CP violation necessary for creating a net baryon asymmetry.
Chaotic Inflation
We first consider the case of chaotic inflation in which the η field represents a complex inflaton field. In the absence of any potential for θ, the equation of motion for θ is
In a more realistic model V (η) will imply a potential for θ. The equation of motion for σ is
We assume that θ(t) evolves starting from an initial value of 0 at t = t i and an initial velocityθ i . We chooseθ i consistent with a universe dominated by the potential energy of σ.
Therefore we takeθ i = m/2. During inflation,σ 2 ≪ m 2 σ 2 and σ ∼ M P l . Henceσ/σ ≪ H and we ignore the last term in the equation of motion for θ. Then
We take H to be constant during inflation and corresponding to the initial energy density of the universe with σ(t i ) = 3M P l . From above, one can see thatθ is much less than m for most of the inflationary era and so we ignore the last term of Eq. 43 for this era. Invoking the slow roll approximation one may also ignoreσ during inflation.
During reheating the σ and the θ fields are coupled and we can not ignore the last terms of their respective equations of motion. However, to obtain θ(t) it is simpler to first rewrite η as
. Then the problem reduces to one of two uncoupled damped harmonic oscillators with solutions, κ 1 = (A 1 /t)cos(mt + α) and κ 2 = (A 2 /t)cos(mt + β). Here we
A 2 , α and β are determined by the values of κ 1,2 and their time derivatives at t 2 which can be obtained from the values of θ and σ and their time derivatives at t 2 . We take t 2 ≈ 2/m, as the inflaton starts oscillating when 3H ≈ m. σ(t 2 ) ≈ M P l /6.
Eq. 44 implies that θ becomes nearly constant within a few e-foldings after t i . If the Bviolating interaction switches on subsequent to this then θ is approximately constant between t 1 and t 2 . Furthermore, sinceθ(t 2 ) is practically zero, there is practically no rotational motion during reheating in the absence of any potential for θ. So during reheating θ takes values of θ 2 and θ 2 + π during different phases of the oscillation of σ, where θ 2 is the value at t 2 .
(θ changes discontinuously at the bottom of the potential where σ is 0.) Since the relevant phase in I 2 and I 3 is 2θ the above implies that the CP phase is practically the same for the interval t 1 to t 3 and hence one should expect very little asymmetry.
Natural Inflation
We now consider natural inflation, in which case σ(t) = f where f is the scale of spontaneous symmetry breaking in the natural inflation scenario. In the presence of an explicit symmetry breaking term that gives mass m θ to the inflaton θ the equation of motion for θ is
We assume that θ is constant during inflation between t 1 and t 2 and is of O(1). Our results are insensitive to t 1 for t 1 earlier than about 10 e-foldings before the end of inflation. At t 2 ≈ 2/m θ when 3H ≈ m the θ fields starts oscillating in its potential. Between t 2 and t 3 θ evolves as
Now we obtain the asymmetry numerically. Smaller the value of g, longer is the period of reheating contributing to the asymmetry. But for g ≤ 10 −3 , I 2 and I 3 become independent of g and then the g dependence in BAU enters through a(t 3 ) and the reheat temperature
As we have mentioned before, perturbation theory requires that λ|I 2,3 | 2 must be less than 1. This translates into an upper bound on λ of 10 −11 . Then even for g = 10 −3 we get insufficient asymmetry. Other values of g give even less asymmetry.
IV. CONCLUSION
In conclusion, we have discussed a mechanism for creating a baryon asymmetry during inflation and reheating. While the scenario illustrated above does not create sufficient asymmetry, it may be easily modified to accommodate a potential for θ which can give rise to a much larger asymmetry. A possible potential for θ for the chaotic inflation scenario is W (θ) = m 2 θ σ 2 (1 − cos θ), which is equivalent to tilting the inflaton potential. Unlike in the analogous axion and natural inflation models, here both σ and θ would be varying with time. Hence such a potential may allow for chaotic orbits and so would have to be studied with care.
We point out here that we include both the inflationary phase and the reheating phase in our calculation. Contributions during both phases do get mixed up in the evaluation of the asymmetry because of the presence of |I 2 | 2 and |I 3 | 2 , where the time integrals in I 2 and I 3 include both the inflationary and the reheating eras. In fact we find in the natural inflation case that though the phase is taken to be constant during the inflationary era, the net baryon asymmetry for a fixed value of λ decreases if we do not include the inflationary era in the integrals I 2 and I 3 .
7 This indicates that one should not ignore the inflationary era when calculating the asymmetry.
While we were writing up this paper Ref. [9] appeared. In this paper the authors discuss the generation of baryon asymmetry during reheating in a scenario similar to ours. The two calculations have some differences however. Our calculation is carried out in curved spacetime while the mode functions in Ref. [9] are obtained in Minkowski space. We consider standard reheating while they consider the more complicated preheating scenario. In both calculations the source of CP violation is a time varying phase. The authors of Ref. [9] suggest that the CP violating potential for the baryonic fields may be induced by their direct coupling to the inflaton or through loop effects involving the baryonic fields and other fields and then presume a form for the phase. We provide a specific scenario in which the inflaton, or a field related to the inflaton, which is coupled to the baryonic fields, is complex and its time varying phase dynamically provides CP violation. Involving the inflaton and its phase seems to us to be a simple and a very natural approach to obtain a time dependent phase. Our calculation includes both the inflationary and the reheating eras which, as we have pointed out, seems to be appropriate for our case. 
where χ F P k (τ ) are mode functions as defined in Ref. [14] (they are a 3/2 times the mode functions defined in this paper) and τ = t a −3 (t ′′ )dt ′′ . If one argues that H of the Bessel functions depending on whether the universe is in the inflationary or the reheating era. The k dependence for I 2 is similar. When k is small the argument of the Bessel functions becomes small. For low k values the first term goes as k 2p−3 , the second as k 3−2p and the third is k independent. Now perturbation theory requires that λ 2 |I 2,3 | 2 be less than 1. However, since 2p − 3 and 3 − 2p cannot both be greater than 0, I 2 and I 3 will become very large at low k values. Thus, without a low momentum cutoff, perturbation theory breaks down at some point for any finite value of λ. We emphasise again that this is an issue related to the validity of perturbation theory and not to the infrared divergence of the integral over momentum. The latter can be regulated by the choice of constants c 1 and c 2 mentioned above, irrespective of whether or not perturbation theory is valid.
